Background: Impairments in macrovascular, microvascular and autonomic function are present in asymptomatic youths with clustered cardiovascular disease risk factors. This study determines the within-day reliability and between-day reliability of a single protocol to non-invasively assess these outcomes in adolescents. Methods: Forty 12-to 15-year-old adolescents (20 boys) visited the laboratory in a fasted state on two occasions, approximately 1 week apart. One hour after a standardized cereal breakfast, macrovascular function was determined via flowmediated dilation (FMD). Heart rate variability (root mean square of successive R-R intervals; RMSSD) was determined from the ECG-gated ultrasound images acquired during the FMD protocol prior to cuff occlusion. Microvascular function was simultaneously quantified as the peak (PRH) and total (TRH) hyperaemic response to occlusion in the cutaneous circulation of the forearm via laser Doppler imaging. To address within-day reliability, a subset of twenty adolescents (10 boys) repeated these measures 90 min afterwards on one occasion. Results: The within-day typical error and between-day typical error expressed as a coefficient of variation of these outcomes are as follows: ratio-scaled FMD, 5Á1% and 10Á6%; allometrically scaled FMD, 4Á4% and 9Á4%; PRH, 11% and 13Á3%; TRH, 29Á9% and 23Á1%; and RMSSD, 17Á6% and 17Á6%. The within-and between-day test-retest correlation coefficients for these outcomes were all significant (r > 0Á54 for all). Conclusion: Macrovascular, microvascular and autonomic functions can be simultaneously and non-invasively determined in adolescents using a single protocol with an appropriate degree of reproducibility. Determining these outcomes may provide greater understanding of the progression of cardiovascular disease and aid early intervention.
Introduction
Whilst overt cardiovascular disease (CVD) is not apparent until later life, the underlying atherosclerotic process originates in childhood (Stary, 1989) . Accordingly, the ability to non-invasively determine the earliest manifestations of this disease in paediatric groups is likely important for the primary prevention of CVD. An impairment in endothelial function is a sentinel event in the sequelae of atherosclerosis and may be a prerequisite for structural changes to the vessel wall (Juonala et al., 2004) . Endothelial function can be determined via flowmediated dilation (FMD), which uses high-resolution ultrasound imaging to quantify brachial artery vasodilation following 5 min of forearm cuff occlusion. In a seminal study, Celermajer et al. (1992) demonstrated that FMD is lower in asymptomatic children and adolescents with CVD risk factors. Consequently, FMD has since been adopted in several acute (Mills et al., 2013; Bond et al., 2015b) and chronic (Hopkins et al., 2012; Bond et al., 2015a) exercise intervention studies in this age group, which assess FMD both within and between days. However, to our knowledge, no data are available regarding the within-day reliability and between-day reliability of the FMD technique in a paediatric cohort when FMD is performed by the same practitioner and according to current methodological guidelines (Harris et al., 2010; Thijssen et al., 2011) .
A key methodological consideration when determining FMD is to account for pulsatile changes in arterial lumen width by synchronizing the acquisition of ultrasound images at end diastole using an electrocardiogram (ECG) (Harris et al., 2010) . Given that recent guidelines recommend that baseline arterial diameter be determined for at least 1 min prior to cuff occlusion , and that the time-domain analysis of heart rate variability (HRV) can be accurately determined from just 1 min of R-R intervals (Flatt & Esco, 2015) , it is possible to also assess autonomic function using the ECGgated images acquired during the FMD protocol (Bond et al., 2015a) . Low HRV is associated with clustered CVD risk factors in adolescents (Farah et al., 2014) , and changes in autonomic function may account for some of the reduction in CVD risk with exercise (Joyner & Green, 2009; Bond et al., 2015a) . Therefore, there is merit in identifying the reproducibility of this outcome when determined simultaneously with FMD.
The hyperaemic response of the cutaneous circulation following cuff occlusion during the FMD protocol also provides insight into microvascular function. Such an assessment is important as the earliest changes in endothelial function due to the metabolic syndrome may manifest in the capillary and arteriole beds rather than conduit arteries (Pinkney et al., 1997) . Furthermore, a lack of association has been demonstrated between FMD and postischaemic microvascular reactivity in adults (Shamim-Uzzaman et al., 2002) and adolescents (Bond et al., 2015b) . Thus, simultaneous assessment of cutaneous postocclusive reactive hyperaemia during the FMD protocol may offer further insight into vascular health, although the within-day reliability and between-day reliability of this approach need to be established.
Typically, assessments of macrovascular, microvascular and autonomic functions are performed in isolation. The purpose of this study was to identify the within-day reproducibility and between-day reproducibility of a single protocol (in line with contemporary guidelines) to simultaneously and noninvasively elucidate these outcomes in adolescents.
Methods Participants
Forty 12-to 15-year-old adolescents (20 boys) volunteered to take part in this study. Written participant assent and parental consent were obtained before participation in the project, which was approved by the institutional ethics committee. Exclusion criteria included the use of any medication or substance known to influence vascular function.
Participants were familiarized to all measures on a separate visit prior to the commencement of the study. During this visit, maximal oxygen uptake (VO 2 max ) was determined using a combined ramp and supramaximal exercise protocol (Barker et al., 2011) . Age-and sex-appropriate VO 2 max (Adegboye, 2011) and body mass index (BMI) (Cole et al., 2000) cut points were used to define low fitness and overweight/ obesity, respectively. Pubertal status was determined by a selfassessment of secondary sexual characteristics using adapted drawings of the five Tanner stages (Tanner, 1962) of pubic hair development.
Study protocol
Participants completed two experimental conditions, separated by approximately 1 week. With parental supervision, participants were asked to replicate their evening meal prior to each laboratory visit. Participants also completed a food diary during the 48-h period immediately preceding each visit, which were subsequently assessed for total energy and macronutrient intake (CompEat Pro; Nutrition Systems, Banbury, UK). Participants were instructed to avoid strenuous exercise and wear a tri-axial accelerometer on their wrist (GENEActiv; Activinsights Ltd, Cambridge, UK) during the 48 h prior to each visit. Time spent performing moderate to vigorous activity was determined using established cut points for paediatric groups (Phillips et al., 2013) .
Following a~12-h overnight fast, participants were transported to the laboratory at 08:00 and then consumed 30 g of commercially available corn flakes with 130 ml of skimmed milk. The macronutrient contribution of this breakfast is unlikely to have influenced endothelial function (Vogel et al., 1997) . At 08:45, participants rested in a darkened, temperature-controlled room (24°C) for 15 min before the simultaneous assessment of endothelial (FMD), microvascular and autonomic (HRV) functions (methods described below). A subgroup of 20 adolescents (10 boys) repeated these measures 90 min after the first assessment to assess within-day variability of these outcomes. In this group, the location of the probe during the first scan was marked on the arm to minimize error.
Assessment of FMD
High-resolution Doppler and B-mode images of the brachial artery were simultaneously assessed (Sequoia 512; Acuson; Siemens Corp, Aspen, CO, USA) with a 13 MHz linear array transducer in duplex mode, in accordance with recent guidelines and our earlier work (Bond et al., 2015a,b) . Following a 10-min acclimatization period to the temperature-controlled room (24°C) in the supine position, baseline arterial diameter was measured for 1Á5 min. Endothelium-dependent vasodilation was calculated as the percentage increase in arterial diameter after a 5-min ischaemic stimulus induced by rapid forearm pneumatic cuff inflation (Hokanson, Bellevue, WA, USA) to 220 mmHg. Baseline arterial diameter and postocclusion brachial artery diameter were assessed during end diastole using validated ECG-gating software (Medical Imaging Applications LLC, Coralville, IA, USA) (Mancini et al., 2002; Thijssen et al., 2011) . All analyses were performed by the primary investigator who was blinded to the measurement point. The area under the curve for estimated shear rate was calculated from the point of cuff deflation until the time of peak dilation (SR AUC ) .
Assessment of microvascular function
During the FMD protocol, microvascular function was simultaneously assessed using a laser Doppler perfusion imager (Periscan PIM II; Perimed, J€ arf€ alla, Sweden) positioned 20 cm away from a reproducible point on the distal third of the forearm. High-resolution data were collected at 4Á33 Hz and then interpolated to 1-s averages before being smoothed using a 5-s moving average. Peak reactive hyperaemia (PRH) was defined as the highest point after occlusion (Cracowski et al., 2006) . The time taken to achieve PRH (PRH t ) was also determined as an indicator of vascular resistance (Wahlberg et al., 1994) . Total reactive hyperaemia (TRH) was calculated by determining the area under the postocclusive reactive hyperaemic curve minus the baseline (pre-occlusion) blood flow (expressed as a percentage of PRH), multiplied by the time taken for reactive hyperaemia to return to baseline (Wong et al., 2003) . When calculated in this manner, TRH is known to be nitric oxide independent (Wong et al., 2003) and accounts for differences in baseline skin perfusion.
Assessment of HRV
Heart rate variability was determined using the time intervals between each ECG-gated image of the brachial artery (i.e. the R-R interval) during the 1Á5 min prior to cuff occlusion. These data were screened for ectopic beats, and artefacts were removed and replaced by the mean of the adjacent beats (Task force of the European Society of Cardiology 1996). The root mean square of the squared differences between adjacent normal R-R intervals (RMSSD) was calculated using the Kubios HRV software (Biosignal Analysis and Medical Imaging Group, Joensuu, Finland), which has recently been used to establish reference values in adolescent boys (Farah et al., 2014) .
Statistical analyses
In accordance with recent statistical guidelines (Atkinson et al., 2013) , the primary outcome for FMD was the difference between log-transformed peak and baseline arterial diameter, adjusted allometrically for baseline diameter. However, the widely used ratio-scaled FMD statistic has also been included for reference. Similarly, both the allometric and ratio-scaled FMD statistics were normalized for SR AUC , even though they were not related to SR AUC (r < 0Á23, P>0Á54 for all measures), as this outcome is frequently reported in the paediatric literature. The lack of relationship between SR AUC and FMD is consistent with other paediatric data (Hopkins et al., 2015) .
Parameters of macro-and microvascular functions were initially analysed using a mixed-model ANOVA with visit (between day) or assessment (within day) and sex (male, female) as the main effects. The ANOVA model did not reveal a significant main effect or interaction effect for these variables. Data were subsequently pooled for sex, and the mean within-and between-day differences in outcomes of interest were analysed using paired-samples t-tests with significance set at P<0Á05. The reproducibility of these outcomes was explored using the typical error, the typical error expressed as a coefficient of variation (CV) and Pearson's correlation coefficient (r) (Hopkins, 2000) .
Results
Baseline participant characteristics for the within-day (n = 20) and between-day (n = 40) groups are presented in Table 1 .
Within-day reliability
The maturation status for boys and girls included in the within-day reliability analysis was as follows: Tanner stage 2, n = 1 and n = 0; stage 3, n = 3 and n = 0; stage 4, n = 5 and n = 7; stage 5, n = 1 and n = 3. Macro-and microvascular data from three participants were excluded from analysis due to movement of the arm/probe following cuff deflation. The within-day reproducibility of parameters of macrovascular, microvascular and autonomic functions is presented in Table 2 . No significant mean differences were apparent between assessments 1 and 2 for any outcome. Significant correlations were apparent between assessments 1 and 2 for all outcomes (0Á54 < r < 0Á97) apart from PRH t (P = 0Á81).
Between-day reliability
The maturation status for boys and girls was as follows: Tanner stage 2, n = 2 and n = 0; stage 3, n = 6 and n = 0; stage 4, n = 10 and n = 14; stage 5, n = 2 and n = 6. No significant differences in energy intake, individual macronutrient contributions or time spent performing moderate to vigorous physical activity were apparent during the 48 h preceding each laboratory visit (Table 3) .
Suitable macro-and microvascular data were obtained from 35 participants for both assessments. No significant differences were apparent between visits for any outcome measure (Table 4 ). Significant correlations were observed between visits for all outcomes (0Á64 < r < 0Á94).
Discussion
Initial guidelines for the ratio-scaled FMD technique suggest that a CV of 20-30% is an acceptable level of reproducibility for the ratio-scaled FMD outcome (Corretti et al., 2002) . Since this early publication, the development of software to continuously track the intima-lumen interface has improved the reproducibility of this technique almost fourfold (Woodman et al., 2001 ) and has been incorporated into the most recent methodological guidelines (Harris et al., 2010; Thijssen et al., 2011) . Currently, no paediatric data are available regarding the within-day reliability and between-day reliability of the ratio-scaled FMD statistic when determined in this manner. However, the between-day variability of this outcome in the present study is consistent with a CV of 10Á9% (Donald et al., 2010) and Pearson correlation coefficient of 0Á88 (Leeson et al., 1997) reported in paediatric investigations where FMD was not performed in accordance with the current methodological guidelines (Harris et al., 2010; Thijssen et al., 2011) . Our data also compare favourably with the most conservative within-day (CV~5-10%) (Meirelles et al., 2007; Donald et al., 2008; Ghiadoni et al., 2012; Onkelinx et al., 2012) and between-day (CV~7-16%) (Hashimoto et al., 1995; Meirelles et al., 2007; Donald et al., 2008; Ghiadoni et al., 2012; Onkelinx et al., 2012; Charakida et al., 2013) values reported in adult studies, and it is likely that the good reproducibility we have demonstrated here is related to our minimizing of known sources of error. These include 1) controlling for preceding diet (Vogel et al., 1997) , physical activity (Bond et al., 2015a,b) and use of supplements (Harris et al., 2009) ; 2) standardizing the time of assessment (ter Avest et al., 2005) , adopting a high-frequency (13 MHz) probe (Herrington et al., 2001) , utilizing continuous Duplex mode imaging postocclusion (Donald et al., 2008) and analysing ECG-gated images (Corretti et al., 2002) using validated edge-detection software (Woodman et al., 2001) ; and 3) removing intersonographer variation and 'reader' error (Donald et al., 2010; Charakida et al., 2013) . In accordance with recent criticisms of the ratio-scaled FMD statistic (Atkinson et al., 2013) , we also present allometrically scaled FMD to partition out the confounding effect of vessel calibre. To our knowledge, this is the first time the within-day reproducibility and between-day reproducibility of allometrically scaled FMD have been presented, and our findings demonstrate that the reliability of this outcome is comparable, if not marginally better, than the ratio-scaled FMD statistic. In contrast, the 
CV, coefficient of variation; FMD, flow-mediated dilation; SR AUC , area under the postocclusive curve until peak dilation for shear rate; PRH, peak reactive hyperaemia; PRH t , time taken to achieve peak reactive hyperaemia; TRH, total reactive hyperaemia; RMSSD, root mean square of successive R-R intervals. All correlation coefficients are statistically significant, apart from PRH t . SR AUC demonstrated poorer reproducibility, but is consistent with similar measures of hyperaemic blood flow reported elsewhere (Ghiadoni et al., 2012; Charakida et al., 2013) . Considering that both our group and others (Hopkins et al., 2015) have failed to observe a meaningful relationship between SR AUC and FMD in a paediatric population, and that normalizing the FMD statistic for SR AUC ultimately results in poorer within-day variation and between-day variation, there does not appear to be a strong rationale for expressing FMD in this manner. It is noteworthy that one ultrasound scan was rejected from within-day and between-day analyses in 3 and 5 participants, respectively, due to excessive movement by the participant or poor image quality. This rejection rate of~10% in the present investigation is in line with the expected level of data loss when performing FMD with adults (Charakida et al., 2013) and children (Leeson et al., 1997) and should be considered by researchers when contemplating sample sizes.
A key feature of this investigation is the simultaneous assessment of microvascular function, which provides further insight regarding vascular health as FMD shows little association with skin reactive hyperaemia (Shamim-Uzzaman et al., 2002) . Currently, the mechanisms underlying the cutaneous postischaemic response are not well defined; however, Wong et al. (2003) demonstrated that the area under the total reactive hyperaemic curve versus time following a 5-min ischaemic stimulus is nitric oxide independent. These authors reported a between-day coefficient of variation for this outcome of 25%, which is consistent with our TRH data. Elsewhere, the within-day variation and between-day variation in PRH and PRH t have been reported to be <10% (Yvonne-Tee et al., 2005) , which we were unable to replicate. The variability in these measures is mostly related to measurement site rather than between-day variability (Kubli et al., 2000) ; therefore, this disparity is probably related to our use of a laser positioned 20 cm away from the forearm, rather than attaching a laser-emitting probe to the skin surface. However, our data show that the simultaneous acquisition of cutaneous PRH and TRH during the FMD protocol is achievable.
To our knowledge, no other group have presented HRV data alongside the FMD outcome, despite appropriately determining brachial artery diameter from ECG-gated ultrasound images. We find this surprising as HRV provides prognostic information regarding cardiovascular event risk beyond 'traditional' CVD risk factors (Tsuji et al., 1996) , which is consistent with the rationale for performing FMD (Green et al., 2011) . The withinday reproducibility and between-day reproducibility of the RMSSD outcome presented here are in line with the work of others (Salo et al., 1999; Sandercock et al., 2005) ; therefore, we encourage researchers to use the ECG-triggered ultrasound data to determine HRV. Additionally, it may be prudent to measure baseline artery diameter for longer than the 1Á5-min period utilized in the present investigation in order to include both time-and frequency-domain analyses and thus provide a more comprehensive analysis of sympathovagal balance.
The strengths of this investigation include controlling for physical activity and diet during the 48 h preceding each trial, the inclusion of allometrically scaled FMD, the adoption of the most recent FMD guidelines . We were unable to control for potential confounding influence of the menstrual cycle on FMD (Hashimoto et al., 1995) , although this is not a consistent finding regarding HRV and microvascular function. Furthermore, any influence of the menstrual cycle would logically add error to our between-day measures. Secondly, we cannot comment on the reliability of frequency-domain HRV analyses where 5 min of data capture is recommended (Task force of the European Society of Cardiology 1996) .
We have previously demonstrated that favourable changes in FMD and HRV following exercise training may be independent CV, coefficient of variation; FMD, flow-mediated dilation; SR AUC , area under the postocclusive curve until peak dilation for shear rate; PRH, peak reactive hyperaemia; PRH t , time taken to achieve peak reactive hyperaemia; RMSSD, root mean square of successive R-R intervals. All correlation coefficients are statistically significant.
of modifications to traditional CVD risk factors in adolescents (Bond et al., 2015a) . Considering that impairments in macrovascular (Celermajer et al., 1992) , microvascular (Khan et al., 2003) and autonomic (Farah et al., 2014) functions are already apparent in children and adolescents with CVD risk factors, there is a clear rationale for future studies to identify how lifestyle interventions can favourably modify these outcomes.
Conclusion
The present investigation sought to address the within-day reliability and between-day reliability of a single protocol to simultaneously and non-invasively assess endothelial, microvascular and autonomic functions. Our data indicate suitable within-day reliability and between-day reliability of these measures. Given that the methodological considerations for the FMD technique are commensurate with the assessment of postocclusive reactive hyperaemia in the cutaneous circulation (Cracowski et al., 2006; Thijssen et al., 2011) and HRV assessment, and that these outcomes may account for some of the 'risk factor gap' between physical activity and CVD risk (Joyner & Green, 2009; Bond et al., 2015a) , we hope that other researchers performing FMD will adopt similar protocol designs to maximize their insight regarding how exercise modulates CVD risk.
